Following mechanical injury, stems of many conifers produce tangential rows of traumatic resin ducts (TRDs), the distribution of which has been used to date geomorphic events. However, little is known about how far TRD formation extends tangentially and axially from the point of injury or what the time course of TRD appearance is. We analyzed 28 injuries in eight Larix decidua Mill. tree stems resulting from debris flows in October 2000 and November 2004. Injuries occurred outside the period of cambial activity, and TRD formation occurred in the first layers of the growth ring formed in the year following that of injury. The axial extent of TRD formation averaged 74 cm and was greater above the injury than below it. At the height of the wound center, TRDs extended horizontally to a mean of 18% of the stem circumference excluding that portion where the cambium had been destroyed. In subsequent growth rings, TRDs, if present, were confined mainly to the height of the center of injury. Both the vertical and horizontal extent of TRD formation was related to the injury size. Within growth rings, the position of TRD formation changed with increasing distance from the wound progressing from early earlywood to later portions of the growth ring.
Introduction
Debris flows on steep hillsides are fast-flowing mixtures of water, gas, soil and rock (Varnes 1978 ) that can cause tree stem abrasion, bending, burial or breakage. Growth responses to such impacts, which include compression wood formation (Clague and Souther 1982 , Timell 1986 , Braam et al. 1987 , Fantucci and Sorriso-Valvo 1999 , reduced growth (La-Marche 1968 , Strunk 1997 and multiple leader formation (Butler and Malanson 1985, Mattheck 1996) , have been used to date geomorphic events (e.g., Baumann and Kaiser 1999 , May and Gresswell 2004 , Stoffel et al. 2005a .
In many conifers, mechanical damage to stems results in the formation of tangential rows of traumatic resin ducts (TRDs; LePage and Bégin 1996, Stoffel and Perret 2006) . In several studies, the presence and distribution of TRDs have been used to date past debris flows (Stoffel and Beniston 2006 , Stoffel 2007 . There is uncertainty, however, about the timing and the vertical and horizontal distribution of TRD formation following stem injury. This information is crucial for determining the appropriate sampling strategy for tree-ring analysis based on nondestructive increment core sampling. Widely scattered resin ducts are a common feature in stems of trees of the genus Larix (Bannan 1936) . In contrast, TRD formation in the developing secondary xylem is observed only after insect or fungal attack, fire damage or mechanical wounding (e.g., Thomson and Sifton 1925 , Fahn et al. 1979 , Nagy et al. 2000 , Langenheim 2003 , Hudgins et al. 2004 . When a portion of the cambium has been destroyed, resin ducts normally form within the current growth ring in tangential series close to the wound and occasionally also in succeeding rings (Bannan 1936) . The formation of TRDs represents a nonspecific defense response to injury that compartmentalizes the wood (Berryman 1972 , Tippett et al. 1982 , Shigo 1984 .
A tree's response to wounding normally begins shortly after injury. If wounding occurs during the period of cambial activity, resin ducts differentiate in the developing secondary xylem within 4 to 28 days following injury (Nagy et al. 2000 , Franceschi et al. 2002 , Luchi et al. 2005 . Fahn et al. (1979) , who studied Cedrus libani A. Rich. trees growing in a Mediterranean climate in the Northern Hemisphere, observed that TRDs are always formed in the year of the disturbance if the wounding occurs between April and October. They also observed that wounding in November may occasionally lead to a brief resumption of cambial activity during which time a few short TRDs are formed. In contrast, TRDs were not formed until the following growing season if the disturbance occurred between December and March. Similarly, Bannan (1936) concluded that the characteristics and the amount of tissue formed in response to wounding vary with the circumstances of the injury. The most extensive development of ducts was observed following injury during the growing season. If injury occured during dormancy, TRD formation did not take place or occurred to only a limited extent in the next season's growth ring.
Likewise, Franceschi et al. (2002) observed that TRD formation in Picea abies (L.) Karst. trees following methyl jasmonate treatment was much weaker when treatment occurred late in the growing season than when it occurred in spring.
According to Bannan (1936) , TRDs may extend several centimeters above and below a stem wound, although remaining narrowly confined in the horizontal dimension. Franceschi et al. (2002) observed that, in P. abies treated with methyl jasmonate, a ring of TRDs formed in the treated area, but was rarely more than 5 cm above the treated sector and never beyond 15 cm from the wound. Luchi et al. (2005) observed TRDs in Pinus nigra Arn. up to 12 cm from sites of inoculation with Diplodia scrobiculata or Spahaeropsis sapinea. Experiments with Pinus pinea L. show that decapitation significantly increases the number of TRDs to a distance of 10 cm below the point of stem severance (Lev-Yadun 2002) . In contrast, there is little information on the tangential extension of TRD formation after wounding. It appears that the number and size of ducts decreases with distance from the wound (Fahn et al. 1979 ) and that their arrangement becomes more dispersed (Bannan 1936) . Moore (1978) concluded that responses in broad-leaved trees can extend tangentially up to 20 cm from the impact site. Thus, there is, at present, only limited knowledge about the axial and tangential distribution of TRDs in tree stems after wounding. Furthermore, most studies have been on juvenile plants or based on treatments with hormones or fungi, or on decapitated trees.
In this study, we focused on the presence of TRD bordering wounds in adult Larix decidua Mill. trees injured by debris-flow events of known date, and sought to determine the vertical and horizontal extent of induced TRD formation and the time course of TRD appearance following injury. We analyzed 182 stem discs from eight L. decidua trees with a total of 28 injuries.
Materials and methods

Study site
The study site (46°11′ N, 8°05′ E) is located 8 km south of the Simplon Pass (Valais Alps, Switzerland). The forest stand is situated at 1220 m a.s.l. on a fluvial terrace and is primarily composed of European larch (L. decidua). Vegetation is influenced by debris flows and flooding in the Feergraben and Laggina creeks that traverse the terrace. Between October 14 and 15, 2000, intense precipitation in the Valais Alps caused debris-flow events in the Feergraben, when trees were impacted during the transport of large amounts of solid material. Another debris flow, on November 2, 2004, caused further damage. The debris included boulders up to 0.5 m in diameter.
Phenological data at the study site were obtained in 1976, when growth of L. decidua started around May 16, latewood formation commenced on July 17 and growth ceased on October 9 (Müller 1980) . It can thus be assumed that earlywood formation at this site lasts from around mid-May to mid-July and that latewood tracheids develop between mid-July and early to mid-October. The cambium is inactive between mid-October and mid-May. Mean annual temperature at the study site is about 5°C, and mean annual rainfall totals 1216 mm (MeteoSwiss 2007) .
Field collection and sample preparation
Formation and extension of TRDs after wounding was observed in eight L. decidua trees visibly damaged by either the 2000 or the 2004 debris flows or both. Tree characteristics are given in Table 1 . The bases of some trees growing in the levees of the creeks were buried by material originating from previous debris flows. To permit analysis of all injuries, such partially buried stems were excavated before the trees were felled. Stem injuries were located by height above the root collar, and their vertical and horizontal extent of the injuries recorded. Trees were then cut into segments about 10 cm long, with the first cross section taken at the root collar. Additional sections were taken around the upper and lower boundaries of the wounds.
In the laboratory, stem sections were dried and polished with 400-grit sandpaper, and the tree rings counted. To investigate changes in the position of TRDs within the growth rings, sections for microscopic examination were prepared from some samples, as described by Clark (1981) and Schweingruber (1978) . 256 BOLLSCHWEILER, STOFFEL, SCHNEUWLY AND BOURQUI TREE PHYSIOLOGY VOLUME 28, 2008 
Analytical procedures
To identify the location of TRDs, growth rings were subdivided according to time of formation as follows: the first formed cell layer (in which TRD formation usually occurs as the result of an injury during the dormant season) (d), early (ee), middle (me) and late earlywood (le), and early (el) and late (ll) latewood ( Figure 1A ). We noted the first occurrence of TRDs after an impact as well as the position of TRDs in subsequent years.
To determine the axial extent of TRDs formed after an impact, samples above and below each injury were examined. In addition, the total axial extent of the TRDs was assessed. This represents the total distance between the upper-and the lowermost cross-sections with TRDs and includes the length of the injury (Figure 2) .
The tangential extent of TRD formation was assessed at the height of the center of each injury (H c ) by measuring the distance between the wound boundary and the farthest point at which TRDs occurred. This distance is given as a percentage of the ring circumference at H c , excluding that portion where the cambium had been destroyed ( Figure 1B ). The maximal tangential extent of TRDs in samples from above and below the injury was also determined. We recorded the tangential extent of TRD formation at distances of 10, 30, 50 and 70 cm above the top as well as 10, 30 and 50 cm below the bottom of each injury. We focused mainly on the first year after injury (i.e., 2001 and 2005), but tree rings of all subsequent years with TRDs were also analyzed. In the succeeding years, we concentrated on assessment of tangential distribution at H c .
Pearson product-moment correlations (r ) were calculated for the factors influencing the formation and extension of TRDs. We also present and discuss linear regressions between both the the axial and tangential extent of TRD formation and various injury parameters.
Results
TRD position within annual growth rings
Analysis of 182 cross sections from eight trees led to the identification of 28 injuries: 23 the result of debris flows in October 2000; and five the result of debris flows in November 2004 (Table 2 ). In 25 cases, damaged trees formed at least one tangential row of TRDs. In the remaining three cases, no TRDs were formed in tissue adjacent to the injury.
Wounding occurred in mid-October 2000 and in early November 2004, which was, in both cases, after cambial activity had ceased. Traumatic resin duct formation in response to injury occurred during the following growing season. In 23 of 25 cross sections located at H c , TRDs were observed in either the first (17 cases) or the next four cell layers (6 cases) of the new growth ring (Table 3 ). In one case, TRD formation occurred in the latewood of the growth ring formed in the year after injury, and in another case, TRD formation occurrred in the earlywood formed in the second year after injury.
Although, the first formed TRDs were usually located in the first cell layers of the new growth ring, in approximately half of all cases, the location of TRD formation migrated, with increasing horizontal and vertical distance from the site of injury, to the middle or late earlywood or the latewood (Figure 3) . In five stems, multiple rows of ducts were formed within a single growth ring.
Axial extent of TRDs
In the first year after disturbance, total axial extent of TRDs reached up to 320 cm and had a mean vertical extent of 78 cm (Table 3) . Extent above the top and below the bottom of the injury averaged 43 and 14 cm, respectively, although in four cases, TRDs occurred neither above nor below the injury boundaries. In seven cases, TRDs formed at and above the injury, but not below it, and in four cases, TRDs formed below the injury but not above it. Downward propagation of TRDs was sometimes limited by the root collar.
In the growth rings formed in the second and subsequent year after injury, TRD formation was limited axially mainly to the vicinity of the wound. In the second and fifth growth ring formed after injury, TRDs were observed beyond the axial limits of the injury in only seven and four cases, respectively.
Tangential extent of TRDs
In the case of 25 impact injuries resulting in TRD formation, the TRDs formed at H c were distributed tangentially over a mean of 19% of the stem circumference, excluding that portion where the cambium had been destroyed, and extending in one case to more than half the circumference of the tree (Table 4). Figure 4 shows the variation with height in the tangential distribution of TRDs. Tangentially, TRDs were most widely distributed at H c , decreasing to 5% of the stem circumference with viable cambium 50 cm above H c and to less than 1% at 50 cm below H c .
In subsequent years, the tangential distribution of TRDs decreased to a median value of about 10% and a maximum of 50% of the undamaged stem circumference at H c . In about one third of the wounds, TRDs were evident in only those segments of the secondary xylem overgrowing the wound.
Traumatic resin ducts were formed for a mean period of 2.6 years (SD ± 1.8) after injury, with no TRDs being formed after the first year following injury in eight cases, whereas, in the remaining 17 cases, they were formed in each of the subsequent four years.
Discussion
We analyzed 182 stem discs from eight Larix decidua trees injured by debris flows in October 2000 or November 2004, or both, i.e., after the end of the local growing period. Traumatic resin ducts were observed in the growth ring formed in the year following injury in the case of 25 of the 28 injuries, which is in agreement with observations of Bannan (1936) , Fahn et al. (1979) and Cruickshank et al. (2006) .
In almost one third of the samples taken at the center of the injury, TRD formation extended radially across a number of cell layers within a single tree ring. The location of TRD formation migrated radially to later formed cell layers with increasing distance from the wound. Changes in the radial position of ducts with distance from the center of the injury were described by Bannan (1936) , but this observations concerned only changes in position relative to the upper and lower boundaries of the wound. Such variation in position of TRD formation is consistent with dependence on a slowly propagating signal. Krekling et al. (2004) stated that, in Norway spruce, the signal propagates about 2.5 cm day -1 in the axial direction. In our samples, we found no significant influence of injury size, length, width or height on the migration of the site of TRD formation.
We observed a mean total axial extension of TRDs of over 78 cm, with ducts present 43 cm above and 14 cm below the zone of injury (Table 3) . Previous studies report axial extensions ranging from 5 cm (Franceschi et al. 2002) to 10 cm (Lev-Yadun 2002) or 12 cm (Luchi et al. 2005) . Fahn et al. (1979) showed that TRDs form over greater distances above wounds than below wounds. In these other studies, trees reacted to an artificial stimulus in the form of hormones or decapitation. Therefore, the much larger axial spread of TRDs 258 BOLLSCHWEILER, STOFFEL, SCHNEUWLY AND BOURQUI TREE PHYSIOLOGY VOLUME 28, 2008 that we observed might be explained by the difference in stimulus and the high impact energies involved. During debris flows, trees may be struck violently by rocks and boulders and severely shaken (Dorren and Berger 2006, Stoffel 2007) . Debris flows also cause deeper wounds than the artificial impacts that have been induced in laboratory experiments (Moore 1978) . Total axial extent of TRDs seemed to be influenced by injury size (Table 5) , because the largest total axial extension of TRDs as well as the largest maximum extension above the area of impact were associated with the largest injuries. This observation is consistent with the findings of Fahn et al. (1979) , who reported a correlation between wound size and number of TRDs. In our study, the axial extent of TRDs below the injury was independent of injury area, length or width (Pearson product-moment correlations of < 0.3).
In the first tree ring formed after an impact, tangential extent of TRDs at H c varied greatly among samples. Although no TRDs were observed in 10% of the samples, 50% of the total circumference of the tree ring showed TRDs in other samples. The tangential extent of TRDs in the first year following injury showed a significant correlation with injury size (Table 5 ). Furthermore, the tangential spread of TRDs was more closely correlated with the length of an injury than its width (r = 0.40 and < 0.01, respectively).
Linear regressions ( Figures 5A and 5B) indicated a relationship between the axial extent of TRD formation and injury size (area and length). Similarly, it appears that the tangential and axial extents of TRD formation are positively correlated (Figure 5C ). Injury width did not influence the tangential extent of TRD formation ( Figure 5D ).
The occurrence of TRDs in the tree rings following injury was restricted by the time elapsed between the injury event in October 2000 (23 injuries) or November 2004 (5 injuries) and the felling of the trees in August 2005. From the cross sections showing wounds as a result of the October 2000 event, we observed that in more than two thirds of the cases (16 injuries) TRDs were formed in all years following the injury. Therefore, TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TRAUMATIC RESIN DUCTS AFTER IMPACT BY DEBRIS FLOWS 259 Table 2 . Characteristics of the 28 injuries identified in eight Larix decidua trees. Column headings: L, vertical extent of injury; %L, L as a percent of total stem length; H LB , H center and H UB , height from root collar to the lower boundary, the center and the upper boundary of the stem injury, respectively; W OS , injury width measured on the stem surface; W IS , injury width measured in the horizontal plane across the surface of the wound (see Figure 1B) ; W R , relative width of injury calculated as shown in Figure 1B ; Area, the wound surface calculated from internal width and length; Radial position, position of injury is relative to the upslope position ( 0°); and SD, standard deviation. 0  13  15  1  1  1  4  Max  72  12  164  187  218  11  15  38  437  SD  18  2  49  50  53  3  3  9  113 BOLLSCHWEILER, STOFFEL, SCHNEUWLY AND BOURQUI TREE PHYSIOLOGY VOLUME 28, 2008 Max  72  72  187  320  230  53  24  42  25  13  25  13  25  13  SD  113  18  50  77  63  17  8  8  8  4  8 it was impossible to determine for how many years after injury new TRDs are formed. Our observations on the axial and tangential distribution of TRDs following stem injury have a direct bearing on sampling strategies for dendrogeomorphological studies. Because treering analysis in protection forests is normally limited to the extraction of increment cores, positioning of cores around the wound is critical. Our results indicate that immediately above the injury, TRDs are present over a large portion of the stem circumference, and are, therefore, easily detected. However, TRD formation above H c may be delayed relative to that at H c . Given that the onset of TRD formation higher up in the stem starts only in late earlywood or even latewood cell layers of the tree ring formed in the year following the impact event (e.g., 2001), the disturbance would have been misdated and attributed to a non-existent summer 2001 debris flow. Thus, it appears preferable to extract cores from either side of the injury, TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TRAUMATIC RESIN DUCTS AFTER IMPACT BY DEBRIS FLOWS 261 where the delay in TRD formation with distance from the wound is more limited. Even in this case, however, absolute dating precision cannot be guaranteed, as the tangential spread of TRDs was greater in the fourth year than in the year following the October 2000 event in eight cross sections. Thus, if an increment core had been extracted where TRDs were formed in the fourth but not the first year after injury, the injury would have been misdated. For these reasons, at least two cores should be extracted from different locations as close to the wound as possible and data from several trees should be compared.
The information obtained in this study raises new questions about the dating of past geomorphic events. In particular, it remains to be determined when TRD formation is initiated after wounding by debris flows occurring during the growth period. BOLLSCHWEILER, STOFFEL, SCHNEUWLY AND BOURQUI TREE PHYSIOLOGY VOLUME 28, 2008 Table 5 . Pearson product-moment correlation coefficients for the injury parameters (area, length, width) and the vertical as well as axial extensions of traumatic resin ducts (TRDs) (n = 28) in cross sections of Larix decidua stems. 
